Background and objectives: Atypical hemolytic uremic syndrome (aHUS) is associated with a congenital or acquired dysregulation of the complement alternative pathway that leads to continuous complement activation on host cells causing inflammation and damage. Eculizumab, a humanized mAb against complement protein C5, inhibits activation of the terminal complement pathway.
H emolytic uremic syndrome (HUS) is a clinical triad of
Coombs-negative microangiopathic hemolytic anemia, thrombocytopenia, and acute renal failure (1) . In children, HUS is most commonly triggered by Shiga-like toxin (Stx)-producing bacteria (2) . Approximately 10% of HUS cases are Stx negative (2) . These atypical forms (aHUS) may occur sporadically or within families, are often recurrent, and generally have a poor outcome (2) . After renal transplantation, there is a high risk for graft loss for aHUS recurrence or thrombosis (1) .
aHUS is associated with an impairment of the complement alternative pathway regulation leading to deficient host cell protection and inappropriate complement activation on platelets and endothelial cells, particularly in the kidneys (3, 4) . Approximately 50% of patients with aHUS have mutations in one of the complement regulatory proteins: Factor H (CFH), factor I (CFI), or membrane co-factor protein (MCP) (3) (4) (5) . More recently, mutations in factor B (CFB) and C3 have been associated with aHUS (6, 7) . The frequencies of homozygous deletions of CFH-related genes CFHR1/CFHR3 and of polymorphisms in CFH, MCP, and C4-binding protein are increased (8 -10) . Patients who have aHUS with combined mutations have been reported (4) . Approximately 10% of children with aHUS have an acquired functional CFH deficiency caused by anti-CFH autoantibodies, frequently associated with absent CFHR1/ CFHR3 (11) (12) (13) . In mutation carriers, aHUS penetrance is approximately 50%, suggesting that other genetic or environmental modifiers are needed for disease expression (3). Identification of mutations or autoantibodies is important owing to differences in renal survival, outcome of renal transplantation, and mortality (14, 15) .
Current treatment of aHUS relies on plasma therapy with variable success (16) . In anti-CFH autoantibody-positive patients, add-on immunosuppression may be reasonable (11) . In CFH mutation carriers, liver-kidney transplantations have occasionally been performed (17) . aHUS is characterized by an impaired complement regulation. Thus, treatment targeting at the common terminal pathway of complement activation seems to be reasonable. Eculizumab (Soliris; Alexion Pharmaceuticals, Cheshire, CT) is a humanized mAb against complement protein C5 that inhibits the generation of the proinflammatory peptide C5a and the formation of the membrane complement complex C5b-9 (18, 19) . Beneficial effects of eculizumab treatment have already been demonstrated in patients with paroxysmal nocturnal hemoglobinuria (20) . Recently, eculizumab was reported to be effective also in aHUS (21, 22) . Remissions of aHUS were achieved in a case of congenital aHUS and in an adult with posttransplantation recurrence (21, 22) . In the adult patient, a single dose of eculizumab was effective to maintain a remission for 8 mo (22) . We here describe the effect of eculizumab in the treatment of an adolescent with aHUS. In contrast to the patient reported by Nü rnberger et al. (22) , the effect of eculizumab was only transient and aHUS relapses occurred early after recovery of complement hemolytic activity.
Materials and Methods
Case Report 
Complement Analyses
EDTA-plasma and serum samples were sequentially taken for complement analyses and stored at Ϫ70°C until assayed. Functional activity of classical (CH50) and alternative (APH50) complement pathway was measured by hemolytic titration according to the described procedures (23, 24) . Plasma C4 and C3 concentrations were determined by nephelometry. C3dg/C3d was measured by double-decker rocket immunoelectrophoresis (25), using rabbit anti-C3c antibodies in the lower gel and rabbit anti-C3d antibodies (Dako, Hamburg, Germany) in the upper gel. SC5b-9 ELISA was performed as described previously (26) . Plasma concentrations of CFH and CFI were assessed by ELISA using polyclonal goat anti-human factor H IgG or monoclonal anti-human factor I IgG (Genzyme, Boston, MA), respectively, as capture antibodies. Bound regulator molecules were detected by rabbit anti-H IgG (ICN Biochemical, Eschwege, Germany) or goat anti-I IgG (ICN), respectively. The reactions were visualized by the appropriate peroxidase-conjugated third antibodies, using 2,2Ј-azino-bis-3-ethyl-benzothiazoline sulfonate as substrate. Optical density was measured at ϭ 405 nm on an EAR 340 AT Microplate Reader (SLT; Calbiochem, Bad Soden, Germany). Purified CFH and CFI (Quidel, San Diego, CA) were taken as standards. Presence and mobility of CFH and CFHR1 were determined by Western blot analysis as described previously (8) . Plasma was analyzed for anti-CFH autoantibodies by ELISA (12) . Expression of MCP on peripheral blood mononuclear cells was assessed by incubation with a FITC-conjugated mouse anti-human mAb (FITC Mouse Anti-Human CD46; BD Biosciences Pharmingen, San Diego, CA) and analysis by FACSCalibur (BD Biosciences, Franklin Lakes, NJ).
Genetic Analyses
All exons of the complement regulatory genes were sequenced as described previously (7, (27) (28) (29) . The primer sequences for CFH, CFI, MCP, CFB, C3, and C4BP gene screening are available from the authors on request. We used the multiplex ligation-dependent probe amplification reaction for screening the CFHR1 gene using a specific CFHR1 probe located in exon 2 of this gene (MRC-Holland, Amsterdam, Netherlands). All 29 exons and flanking intron sequences of the ADAMTS13 gene were sequenced by standard procedures on an ABI Prism 3130 (AME Bioscience, Toroed, Norway). Sequence data were compared with genome database entries from GenBank (http://www.ncbi.nlm-.nih.gov).
Results

Complement Analyses
On admission, plasma complement analyses showed normal C4 but decreased C3 (0.62 g/L; normal 0.89 to 1.87 g/L) and moderate increases of C3d (43 mU/L; normal Ͻ40 mU/L) and SC5b-9 (518 ng/ml; normal Ͻ320 ng/ml). CH50, APH50, plasma levels of CFH and CFI, and Western blot analyses of CFH and CFHR1 were normal. No anti-CFH autoantibodies were detected. MCP was normally expressed on peripheral blood mononuclear cells.
At distance from plasma exchanges, normal C3 levels were obtained as well. During aHUS relapses, C3 was variably decreased or low normal (data not shown).
Upon eculizumab administration, complement hemolytic activity (CH50 and APH50) became undetectable, indicating effective inhibition of the terminal complement sequence (Tables 1 and 2, Figure 1 ). After the first administration, C3 levels transiently normalized and SC5b-9 concentrations decreased (Table 1) . After the second administration, C3 levels dropped, and SC5b-9 concentrations showed a delayed increase and remained high throughout the observation period (Table 2) .
Genetic Analyses
After complete sequencing of all exons in CFH, CFI, MCP, CFB, C3, and ADAMTS13 genes, no genetic abnormality was detected and no association of any particular polymorphism was identified. Screening of CFHR1 deletion and CFH-CFHR1 hybrid gene with multiplex ligation-dependent probe amplification was negative.
Discussion
Despite remarkable progress in decoding the genetic basis of aHUS, a significant portion of aHUS cases-such as the patient presented here-remain unexplained. The two main mechanisms leading to Stx-negative HUS are a deficiency of the von Willebrand factor-cleaving metalloprotease ADAMTS13 and a dysregulation of the alternative C3 convertase (2) . In this patient, ADAMTS13 activity was normal and no genetic abnormality in complement genes was detected. Nevertheless, on admission, the patient's plasma showed a decrease of C3, suggesting a complement activation.
In the unclassified aHUS group, the risk for end-stage renal failure within 1 yr after onset is approximately 30%, mainly already after the first episode (14, 15) . The high initial plasma creatinine level in this patient is considered to be a strong predictor of poor outcome (15) . Relapse rates are similar to other aHUS groups, and disease recurrences in transplanted kidneys have been reported (14, 15) .
Empirical treatment guidelines for aHUS recommend plasma therapy as soon as possible (30) . The presence of genetic abnormalities in circulating complement proteins in many patients with aHUS provides a rationale for plasma infusions to correct the complement regulatory dysfunction. Plasma exchanges may additionally remove autoantibodies or other potentially toxic substances from the patient's blood; however, several patients do not respond to plasma therapy or require long-term treatment in relapsing disease (16) . In the patient described here, plasma exchanges were effective against the microangiopathic hemolytic process for approximately 8 wk and allowed a temporary improvement of renal function. Thereafter, plasma exchanges (three times per week) failed to prevent ongoing aHUS activity and progressive renal failure.
The dysregulated complement alternative pathway in aHUS results in increased formation of alternative C3 convertase on cell surfaces, providing exponential cleavage of C3b, generation of the anaphylatoxins C3a and C5a, and formation of the lytic membrane attack complex (4) . In this setting, host cells become targets for repeated complement attacks, causing inflammation and cellular damage. Thus, blockage of C5 by eculizumab should be protective for host cells in aHUS. In our patient, eculizumab effectively blocked complement activity, as shown by suppressed CH50 and APH50, and went along with termination of the microangiopathic hemolytic process on two occasions; however, unlike the first treatment period with recovery of C3 levels and drop in concentrations of the activation marker SC5b-9, the second treatment with eculizumab was not followed by abolition of C3 consumption and SC5b-9 levels remained on a high level. It is not entirely clear whether and to what extent hemodialysis at this stage of disease contributed to the elevated levels of the complement activation product SC5b-9. In contrast to SC5b-9 concentrations, normal values of CH50 and APH50, as well as moderately elevated C3d levels, do not necessarily reflect local complement activation at aHUS recurrence. Our observation again highlights the importance of complement activation in the pathogenesis of aHUS. Even despite the absence of an identified genetic deficiency in complement regulatory proteins, eculizumab was effective in terminating the microangiopathic hemolytic activity in a patient with aHUS. A possible hitherto unknown genetic susceptibility factor leading to insufficient tissue protection against complement deposition cannot be excluded. A high frequency of likely triggering infectious events has been reported (4); however, the pathogenetic mechanisms that induce and maintain the activation of the complement cascade are largely unknown. It is also conceivable that a very intense and strong trigger may induce a strong local complement activation that continues even in the absence of a detectable complement regulatory dysfunction. Because eculizumab has no effect on upstream complement activation, a persistence of the trigger might explain the recurrences of the microangiopathic hemolytic process.
In the patient with congenital aHUS, long-term eculizumab treatment led to persistent remission (21) . In the adult patient with posttransplantation aHUS recurrence, a single dose of eculizumab induced long-term remission; however, an additional effect of tacrolimus withdrawal cannot be excluded (22) . Both patients showed a complete renal recovery (21, 22) . In the patient reported here, eculizumab was administered as a rescue therapy after 12 wk. The high initial plasma creatinine level, requirement of hemodialysis for 7 wk, and progressive renal failure as a result of limited response to plasma therapy pointed to considerable preexisting renal damage. Established chronic renal failure and further damage by aHUS relapses after discontinuation of eculizumab treatments concurred toward anuric end-stage renal failure in this patient. Long-term treatment with eculizumab might have been beneficial in this patient, as reported for the patient with congenital aHUS (21) . It is also conceivable that eculizumab is more effective in the early treatment of aHUS to protect the kidneys from ongoing complement-mediated damage and to allow recovery from reversible changes.
Complement-targeting therapy with eculizumab may be a valuable supplement or alternative to plasma therapy in aHUS, but efficacy seems to vary and the determinants of response to treatment are still unknown. Early administration of eculizumab in plasma-resistant cases may decrease the extent of irreversible renal damage; however, the optimal duration of eculizumab treatment remains to be determined with respect to differences in genetic background and triggering mechanisms.
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